Objectives: To examine the amplitude-temporal relationships of acoustic nasalization in speakers with a range of nasality and to determine the extent to which each domain independently predicts the speaker's perceived oral-nasal balance.
Nasalization can be defined as a process during which nonnasal phonemes are produced with accompanying nasal resonance (Shriberg and Kent, 2013; Small, 2015) . English vowels, all of which are phonemically oral, become nasalized when they are produced adjacent to a nasal consonant in both anticipatory and/or perseverative coarticulatory directions. Physiologic evidence suggesting velopharyngeal (VP) opening prior to and after the target nasal consonant is well documented in the literature (Lubker, 1968; Moll and Daniloff, 1971; McClean, 1973; Bell-Berti and Krakow, 1991; Bell-Berti et al., 1995) . In order for a speaker to maintain proper oralnasal resonance balance, the opening and closing gestures of the VP port must occur with appropriate configurations and timing in relation to other articulators. Acoustically, many attempts have been made to examine the amount of energy emitted from the nasal cavities (ie, amplitude-domain) and the temporal patterns of nasalization (ie, temporal-domain) .
Nasal accelerometry essentially involves estimating the amplitude of nasal vibration in relation to the amplitude of overall vocal output as a ratio measure, with variation in computational details across studies (Horii, 1980; Lippmann, 1981; Redenbaugh and Reich, 1985; Thorp et al., 2012) . The mean ratio measure has been used to represent the amplitude-domain measure of nasalization (e.g., Horii oral-nasal coupling [HONC] index, nasal accelerometric vibrational index [NAVI] , normalized nasal acceleration [NNA] ). The area under the NAVI signal (ie, NAVI time integral) has also been used as an additional amplitude-domain measure (Jones et al., 1990; Jones, 2000; Jones et al., 2004; Jones, 2006) . The amplitudedomain measures of nasalization have been shown to be sensitive in differentiating normal resonance from simulated hypernasal speech with varying degrees of severity (Horii and Lang, 1981) . Jones (2000) also reported that children with velopharyngeal insufficiency (VPI) were found to achieve nasalization with significantly greater amplitude than those without VPI regardless of the complexity of speech tasks. Follow-up studies with different group comparisons showed no significant differences in the amplitude-domain measures between children without cleft palate and children with repaired cleft palate and velopharyngeal adequacy (Jones, 2006) , nor among children with subgroups of marginal velopharyngeal inadequacy (Jones et al., 2004) . It should be noted that, unlike other mean amplitude measures, the NAVI time integral measure incorporates the durational aspect into the amplitude-domain measure, although it is categorized as an amplitude-domain measure across studies (Jones, 2006) .
Additionally, the amplitude domain of nasalization has been of major interest in the use of nasometry. Nasalance refers to the amplitude ratio of nasal to nasal plus oral energy (Dalston et al., 1991a) , and is the most commonly derived measure from the commercially available Nasometer. The Nasometer is an instrument that is readily available in most cleft palate clinics and research settings and has established normative data across different speech stimuli (MacKay and Kummer, 1994; Watterson et al., 1996; Kay Elemetrics, 2003; Kummer, 2005) . Nonetheless, interpretation of nasalance needs to be made with caution; many factors influencing nasalance have been studied, some of which include dialectal variation (Seaver et al., 1991; Awan et al., 2015) , vowel height (Lewis et al., 2000; Awan et al., 2011) , degrees of transpalatal acoustic energy (Gildersleeve-Neumann and Dalston, 2001; Bundy and Zajac, 2006; Blanton et al., 2015) , vocal loudness (Watterson et al., 1994; Jennings and Kuehn, 2008; Van Lierde et al., 2011) , and length of the speech stimulus (Watterson et al., 1999) .
The effects of regional dialects on nasalance variation have been reported (Seaver et al., 1991; Awan et al., 2015) . Between-dialects differences, ranging from 4% to 9% in nasalance, however, presumably have little impact on the normal speakers' perceived oral-nasal balance. Rather, betweendialect variation has a clinical implication, particularly in regard to interpreting observed nasalance scores in reference to normative scores representing the target dialect. Nasalance variation across dialects, in fact, can be attributed to the manner of vowel production in different dialects (Lewis et al., 2000; Awan et al., 2011) . High vowels, in general, are known to yield higher nasalance than low vowels, in part because of increased oral acoustic impedance (Lewis et al., 2000) . GildersleeveNeumann and Dalston (2001) described the effect of different oral articulatory postures on the degree of transpalatal acoustic transmission, resulting in nasalance differences between the 2 high vowels, /i/ and /u/. Specifically, data from the Gildersleeve-Neumann and Dalston study showed that /i/ yielded significantly higher nasalance than /u/, which had similar or lower nasalance than /a/. Findings from Bundy and Zajac (2006) further suggested that more than 80% of nasalance for voiced stop consonants is accounted for by transpalatal acoustic transmission. Using different palatal covering conditions, a recent report by Blanton et al. (2015) demonstrated that transpalatal acoustic transmission affecting nasalance most likely occurs across the soft palate.
From a clinical perspective, the aforementioned quantitative amplitude measures of nasalization need to be discussed in relation to the listener's judgment, which is considered the gold standard for examining VP function. Thus, many previous studies have explored the relationship between perceived nasality and the amplitude-domain measures derived from accelerometry or nasometry (Fletcher, 1976; Horii and Lang, 1981; Dalston and Warren, 1986; Dalston et al., 1991a Dalston et al., , 1991b Dalston and Seaver, 1992; Nellis et al., 1992; Watterson et al., 1993; Jones, 2000) . The HONC index demonstrated considerable variations of nasality across different severity levels of simulated hypernasal speech (Horii and Lang, 1981; Horii, 1983) . Redenbaugh and Reich (1985) compared the mean NAVI amplitude to listeners' perceptual ratings of speakers with hypernasality and reported a moderate-to-strong positive association for nonnasal speech stimuli. Although the magnitude of association between nasalance and nasality varies across studies, nasalance was also found to have high and reliable sensitivity and specificity in correctly identifying the presence or absence of hypernasality and hyponasality with the use of appropriate speech stimuli (Dalston et al., 1991a (Dalston et al., , 1991b Nellis et al., 1992; Watterson et al., 1993) .
Given the dynamic nature of speech, a listener's perception of the speaker's oral-nasal resonance balance is also influenced by the timing of the velopharyngeal gestures in relation to other articulators (Jones, 2000) . Velopharyngeal timing has been extensively studied using pressure-flow techniques on individuals with varying degrees of velopharyngeal function (Warren et al., 1985; Dalston et al., 1991c; Warren et al., 1993) . The importance of velopharyngeal timing and its clinical implications were discussed in Zajac and Hackett (2002) for individuals with marginal velopharyngeal dysfunction, possibly manifested as an adequate VP closure with inappropriate timing features. Timing characteristics of acoustic nasalization were further investigated by Jones (2000) based on accelerometric data in children with and without VPI. While the group with VPI demonstrated longer nasalization durations than the group without VPI, the between-group differences in the temporal measure of nasalization were further influenced by the complexity level of the speech tasks. The investigator concluded that the degree of perceived nasality would be considerably affected by the temporal characteristics of nasalization, especially during complex speech tasks such as conversational speech or sentence production. Using a pair of microphones that separately collected the nasal and oral acoustic signals, Ha and colleagues (Ha and Kuehn, 2011; Ha et al., 2004) also showed that individuals with cleft palate have lengthened nasalization durations compared to those without cleft palate. The acoustic temporal measure of nasalization was further linked to the perceptual domain, and a strong positive linear relationship was found between the nasalization durations and the magnitude of nasality (Ha and Kuehn, 2011) . In a follow-up study, Jones (2006) examined the group differences between individuals with cleft palate and normal speech compared to individuals without cleft palate and normal speech in regard to the amplitude-and temporal-domain characteristics of nasalization. Little group difference was observed in both the mean amplitude measure and the temporal measure of nasalization for non-nasal utterance productions. On the other hand, a significant group difference was reported in the nasalization duration measure only from the production of a word that contained a nasal consonant, although this has minimal contribution to the perceptual consequence. Thus, Jones (2006) concluded that the temporal-domain deviation may have minimal perceptual effects as long as the amplitude domain remains within the normal range; however, when the amplitude domain of nasalization deviates from the normal range, the temporal domain of nasalization may additively affect the listener's perception of nasality.
In addition to the use of nasal accelerometry and the distinctive paired microphone set, the Nasometer was also shown to provide valid nasalization durational measures (Bae et al., 2007) . Despite the wide availability of the Nasometer, no practical application studies have yet been conducted for measuring the timing patterns of nasalization in a clinical population. Given that both the amplitude and the temporal domain of acoustic nasalization can be easily assessed using the Nasometer, the present study first aimed to understand the direct relationship between the amplitude domain and the temporal domain of acoustic nasalization among speakers with and without a history of cleft palate who present with a wide range of nasality. This study also aimed to determine the extent to which the speakers' perceived oral-nasal balance is predicted by the amplitude-and the temporal-domain measures of nasalization.
Methods

Participants
This study was approved by the university institutional review board, and informed consents were reviewed and signed by all adult participants and parents of participating children. A total of 18 individuals (14 with repaired cleft palate; 4 without cleft palate) presenting with a wide range of nasality participated in the study. The mean age of the participants was 15.7 years (SD ¼ 6.93), with ages ranging from 7 to 31 years. All of the participants spoke American English as their first language. Four individuals without a history of cleft palate reported a negative history of speech, language, or hearing problems. As part of the university cleft palate clinic protocol, perceptual assessment on 14 children with repaired cleft palate was performed by an experienced speech-language pathologist who was not part of the research team. Hypernasality ratings were determined based on a variety of speech tasks including sustained vowels, repeated consonant-vowel (CV) sequences, sentences, and spontaneous speech. A 4-point rating scale, adopted from the Speech Parameters Group (Henningsson et al., 2008 ) , was employed (0: none, 1: mild, 2: moderate, and 3: severe). Three of the 14 individuals with repaired cleft palate were rated as having normal resonance (Participants 1, 3, and 10), whereas the rest were rated as having varying degrees of hypernasality. None of the 14 individuals with repaired cleft palate had any known syndromes, symptomatic fistulae, or compensatory articulation errors. All participants underwent pure-tone audiometry and tympanometry to assess hearing status, and no remarkable audiologic concerns were noted at the time of data collection. Although all participants were recruited from southern New Mexico and western Texas, no specific information regarding length of residency or dialect types was obtained. Twelve of 14 participants with repaired cleft palate received primary surgical repair between the ages of 8 and 18 months. Two participants received palatal repair at later ages; however, the time of data collection for this study was at least 2 years after surgery. The type of primary palatoplasty for 14 participants was unknown. Of the 14 participants, only 1 underwent secondary surgery, receiving augmentation of the posterior pharyngeal wall 3 years prior to her participation in the study. Two of the participants were enrolled in and receiving speechlanguage therapy at the time of data collection. Table 1 summarizes information on the participant's sex, age, history of cleft type, and perceptual rating of hypernasality. The participants' nasalance scores from the Zoo Passage reading are also provided to illustrate nasality variation across participants along with normal nasalance ranges reported in previous studies (van Doorn and Purcell, 1998; Rochet et al., 1998; Awan et al., 2015) .
Speech Sample
All speech samples were recorded using the Nasometer II (Model 6450, KayPENTAX, Montvale, NJ) microphones. The speech sample and the speech rate control method were the same as those used in a previous study, in which durational measures of nasalization obtained from the Nasometer were validated in relation to an external criterion procedure (Bae et al., 2007) . The speech sample was composed of 5 repetitions of 3 rate-controlled nonsense syllables in 3 corner vowel contexts, including /azanaza/, /izinizi/, and /uzunuzu/. In order to contrast the nasalized segment from the oral counterpart, the syllables immediately before and after the nasal consonant syllable contained syllable onset with an obstruent consonant (/z/). Speech rate was controlled by a metronome, which was set at the rate of 2 beats per second. Participants were instructed to produce each syllable for 2 beats (ie, 1 syllable per second) with equal syllable stress, and to complete each repetition of the sample within 1 breath group at their comfortable loudness level. Prior to the recordings, the investigator also demonstrated each of the speech samples produced with equal syllable stress within 1 breath group in concert with the metronome beats. It was presumed that lengthened syllable durations would ease segmentation of nasalized durations from oral counterparts and that consistent use of the same samples would allow for cross-study comparisons.
Data Analyses
Two measurements, representing the amplitude domain and the temporal domain of nasalization, were acquired from each speech sample. The amplitude domain of nasalization was assessed by computing the mean nasalance score of the entire mid-vowel-nasal consonant-vowel (VNV) sequence (mean nasalance). The temporal domain of nasalization was assessed by measuring the nasalized segment of the mid-VNV sequence (nasalization duration). Additionally, the total duration of the mid-VNV sequence was measured and compared across the speech samples, in an effort to ensure that nasalization duration variation was not associated with syllable duration variation.
Temporal segmentation based on the nasalance contour has been attempted by only a few studies (Flege, 1988; Seaver and Dalston, 1990; Bae et al., 2007) . In these studies, the onset/ offset points were largely anchored in sudden nasalance changes, and these changes were described as "a rapid increase in nasalance" (Flege, 1988) , "displacement of the (nasalance) output trace away from/back toward the baseline" , and "increasing/decreasing slopes" (Bae et al., 2007) . Similarly, data analyses in the present study were performed based on visually inspected changes of the nasalance contour, which was further supplemented by numerical results from the Nasometer.
Figure 1 displays nasalance contours from different participants with a history of cleft palate. Although contours vary, nasalized segments are generally bounded by rapid changes in the nasalance contour. For example, the nasalized segment in Normal nasalance range for the Zoo Passage from Rochet et al. (1998) , in which means of 9.3%-10% nasalance (9-13 years) and 10.7%-10.8% nasalance (14-19 years) were reported based on Canadian English-speaking children. b Normal nasalance range for the Zoo Passage from van Doorn and Purcell (1998) , in which means of 13.1% nasalance (7 years) and 11.9% nasalance (8 years) were reported based on Australian English-speaking children. , primarily due to substantially increased nasalance amplitude, is clearly distinct from the oral segments, which are represented as sustained, low-level nasalance. Particularly, the nasalized segment extends from the onset of a rapidly increasing slope during the first vowel of the VNV sequence, departing from the oral segment, to the offset of a rapidly decreasing slope during the second vowel of the VNV sequence, returning to the oral segment. Unlike Figure 1A , Figure 1B illustrates a case in which rapid nasalance changes (ie, rapidly increasing and decreasing slopes) take place at the onset of the first vowel and at the offset of the second vowel of the VNV sequence without any oral segments present. In other words, the entire mid-VNV sequence, extending from the onset of the first vowel to the offset of the second vowel, is nasalized. Figure 1C presents some nasalance contour variation, whereas the entire mid-VNV sequence is nasalized. Specifically, the onset of the first vowel of the VNV sequence begins with a sustained, high-level nasalance plateau, and the offset of the second vowel of the VNV sequence ends with a sustained, high-level nasalance plateau. Although neither contrastive oral segments nor rapidly increasing/decreasing slopes exist where typical, substantially increased overall nasalance amplitude, without any identifiable oral contrasts, along the entire length of this speech sample suggests that the entire mid-VNV sequence is nasalized. In consideration of the aforementioned features of the nasalance contour, the onset of nasalization was defined as the onset of the first rapid nasalance increase at any time point during the first vowel in the VNV sequence, when the nasalance level exceeded that of the oral segments. This rapidly increasing slope was further supported by numerical results from the Nasometer, in which nasalance increases occurred for at least 3 consecutive nasalance sampling points (with a time window of 24 milliseconds). Visual and numerical inspection confirmed that approximately 76.3% of the onset points were accounted for by the onset of a rapid nasalance increase. When the onset of the first vowel of the VNV sequence was presented with high-level nasalance without any identifiable contrastive oral segments, the onset of the vowel was considered the onset of nasalization. Similarly, the offset of nasalization was defined as the offset point of the final rapid nasalance decrease, occurring at any point during the second vowel in the VNV sequence and immediately before reaching the nasalance level corresponding to the oral segment. Like measures of rapidly increasing slopes, this rapidly decreasing slope was supported by numerical results from the Nasometer, in which nasalance decreases occurred for at least 3 consecutive nasalance sampling points. Visual and numerical inspection confirmed that about 66.9% of the offset points were explained by the offset of a rapid nasalance decrease. When nasalance did not return to the level corresponding to the oral segments until the offset of the second vowel of the VNV sequence, the offset of the second vowel was considered the offset of nasalization ( Figure 1D ).
In addition to the typical contour of rapidly increasing/ decreasing slopes, some variations were observed, mostly when nasalization extended to the entire length of a vowel that preceded and/or followed the nasal consonant in the VNV sequence (e.g., Figure 1C ). These variations included but were not limited to onsets and offsets identified by gradual/slow rates of nasalance change, reversed nasalance slope directions, or stable nasalance plateaus. Some of these nasalance contour variations, especially at the onset and/or offset of a vowel, could partly be attributed to the lingual gesture (ie, the tongue moving away from the constriction point for /z/ at the vowel onset or moving toward the constriction point in anticipation of the upcoming /z/ at the vowel offset) and its influence on nasalance (Flege, 1988) . In any respect, these variations did not pose a critical segmentation issue, as substantially increased overall nasalance amplitude without any identifiable oral contrasts during the entire length of a speech sample clearly suggested that the entire speech sample, including the mid-VNV sequence, was nasalized.
Reliability
Interrater reliability. Interrater reliability was assessed by comparing measurement from the investigator with that from a second rater on a randomly selected set comprising 23% of the entire data. The second rater was a graduate student majoring in Communication Sciences and Disorders, who received a 90-minute-long segmentation training from the first rater with a series of samples that were not part of the reliability test materials. The 2-way mixed, absolute agreement and single-measure intraclass correlation coefficients (ICCs) for the nasalization duration and the mean nasalance measures were 1. With regard to the nasalization duration measure, the mean difference between the 2 raters was 0.004 seconds (SD ¼ 0.004), and they agreed on 92.6% of measurements within 0.01 seconds. With regard to the mean nasalance measure, the mean difference between the 2 raters was 0.28% (SD ¼ 0.45), and they agreed on 100% of measurements within 1% nasalance.
Intrarater reliability. A randomly selected set comprising 23% of the entire data was measured twice by the investigator at 2 different time points. The 2-way mixed, absolute agreement and single-measure ICCs for both the nasalization duration and the mean nasalance measures were 1. The mean difference between the 2 sets of measurement was 0.003 seconds (SD ¼ 0.003) for the nasalization duration measure, and 94.4% of measurements were within 0.01 seconds. With regard to the mean nasalance measure, the mean difference between the 2 sets of measurement was 0.09% (SD ¼ 0.29), and 100% of measurements were within 1% nasalance.
Statistical Analysis
The model of best fit was assessed by comparing the proportion of variance explained (R 2 ) by linear and curvilinear models. Subsequently, a series of binomial logistic regression analyses were conducted to determine the extent to which the amplitudeand temporal-domain measures of nasalization independently predicted the speaker's perceived oral-nasal balance. The goodness of fit of each logistic model was assessed using chi-square statistics (Stevens, 2007) . In addition, the accuracy of each logistic regression model was assessed by comparing the observed overall percentage accuracy rate to the proportional by-chance accuracy rate (ie, the rate of accuracy by chance alone). The proportional by-chance accuracy rate was computed by squaring and summing the proportion of cases for each group ([7/18] 2 þ [11/18] 2 ¼ 52%). Any model with an overall percentage accuracy rate 25% higher than the proportional by-chance accuracy rate (52% Â 1.25 ¼ 65%) was considered to meet the model accuracy criteria (Hair et al., 1987) . All statistical tests were performed using SPSS Statistics (version 22.0; IBM Corp, Armonk, NY) at a significance level of a < .05.
Results
Distributions of mean nasalance and nasalization duration are depicted in Figures 2 and 3 , respectively, for the groups with and without a history of cleft palate across speech samples. It is apparent from the figures that both the amplitude-and the temporal-domain measures presented between-group differences. The participants with a history of cleft palate demonstrated greater mean nasalance scores and longer nasalization durations than those without a history of cleft palate, whereas between-group differences varied across different speech samples. Nonetheless, some caution should be exercised when extending information of data distribution to between-group comparisons; the considerably small sample size (n ¼ 4) for the group without a history of cleft palate should be taken into account when interpreting less variability observed in this group. In Figure 2 , both of the outlier points in the samples of /izinizi/ and /uzunuzu/ were observed from Participant 10, who had repaired cleft palate without hypernasality. Likewise, 2 outlier points in Figure 3 were observed from Participants 1 and 10.
The total duration of the mid-VNV sequence was measured and compared across different speech samples. This was done to ensure that nasalization duration variation across speech samples was independent from the total duration of the mid-VNV sequence. Although the mean total duration of the mid-VNV sequence increased in the order of 1.734 (SD ¼ 0.17), 1.770 (SD ¼ 0.136), and 1.790 (SD ¼ 0.136) for /azanaza/, /uzunuzu/, and /izinizi/, respectively, there were no statistically significant mean differences observed across speech samples (F (2,51) ¼ 0.646, P ¼ .528).
Relationships Between Amplitude and Temporal Domains of Nasalization
Results showed that the relationships between the amplitudeand temporal-domain measures of nasalization were best modeled by linear functions. 
Oral-Nasal Resonance Balance Predicted by Amplitude and Temporal Domains of Nasalization
The next set of analyses involved a total of 6 binomial logistic regression analyses, in which the speaker's perceived oralnasal balance was predicted by the amplitude-and temporaldomain measures of nasalization independently for 3 different speech sample conditions. Multiple significance tests were necessary in order to ensure independence of observations and to avoid the multicollinearity problem within the amplitudeand temporal-domain measures of nasalization as predictor variables. Table 2 summarizes the chi-square goodness-of-fit test and classification accuracy rate of each logistic regression model.
Amplitude domain of nasalization. The logistic regression model predicting the speaker's perceived oral-nasal balance based on the mean nasalance score of the mid-VNV sequence was statistically significant across all 3 different speech samples:
¼ 20.59, P < .05 for /izinizi/, w 2 (1) ¼ 8.37, P < .05 for /azanaza/, and w 2 (1) ¼ 15.48, P < .05 for /uzunuzu/. That is, adding the mean nasalance score as a predictor to the null model significantly improved the overall model fit in all 3 speech samples.
The classification accuracy rate of each logistic model was further assessed in comparison to the proportional by-chance accuracy rate. As indicated in Table 2 , the amplitude-domain measure of nasalization correctly predicted the speaker's perceived oral-nasal balance in 85.2% of cases, on average. The classification accuracy rates of 94.4%, 72.2%, and 88.9% for speech samples of /izinizi/, /azanaza/, and /uzunuzu/, respectively, exceeded the accuracy criteria of 65%, indicating that the logistic regression models with the amplitude-domain measure of nasalization are at least 25% better than chance alone in predicting the speaker's perceived oral-nasal balance.
Temporal domain of nasalization. Similarly, 3 logistic regression analyses were performed to determine whether the speaker's perceived oral-nasal balance could be predicted by nasalization duration in 3 different speech samples. Results from the goodness-of-fit tests indicated that adding nasalization duration as a predictor to the null model also significantly improved the overall model fit for all 3 speech samples: w The classification accuracy rate of each logistic model was assessed against the proportional by-chance accuracy rate. The speaker's perceived oral-nasal balance was correctly predicted by the temporal-domain measure of nasalization in 79.6% of cases on average (Table 2) . Particularly, the classification accuracy rates of 94.4% for /izinizi/ and 83.3% for /uzunuzu/ exceeded the accuracy criteria of 65%, indicating that the logistic regression models using the temporal-domain measure of nasalization for these 2 speech samples are at least 25% better than chance alone in predicting the speaker's perceived oralnasal balance. The accuracy rate of 61.1% for /azanaza/ did not meet the accuracy criteria of 65% or above, particularly because of low specificity. This limited contribution of the temporal-domain measure is not surprising given that the temporal-domain measure may only play a secondary role in determining the speakers' perceived oral-nasal balance, if speakers can adequately maintain the nasalization amplitude (Jones, 2000) . In light of this concept, an additional analysis was performed, in which the temporal-domain measure was correlated with nasalance of the Zoo passage reading, only among speakers who had amplitude-domain measures greater than the mean of the participants without cleft palate. The Spearman rank order correlation coefficients across speech samples were .897 (P < .01), .418 (P ¼ .155), and .649 (P < .05) for /azanaza/, /izinizi/, and /uzunuzu/, respectively.
Discussion
The first purpose of this study was to understand the relationship between the amplitude domain and the temporal domain of nasalization in speakers with varying degrees of nasality. Although each domain has independently been studied, little information is available regarding the direct relationship between the 2 domains of nasalization in speakers presenting with a range of nasality. Results from the present study showed that the relationship between nasalization amplitude and timing was best modeled by a linear function, with one domain explaining about 71.5% of variance of the other domain, on average. Although strong linear relationships exist between the 2 domains of nasalization, different slope values of the linear equations across different speech samples suggest that the relationship between the 2 domains may be vowel-dependent. For instance, 1 unit increase in the nasalization duration measure leads to a significantly larger and more abrupt nasalance increase in the high-vowel context (38.39% for /izinizi/ and 30.97% for /uzunuzu/) compared to the low-vowel context (18.46% for /azanaza/).
In addition to slope variation, data distribution appears to vary across different vowel contexts, as illustrated in the scatterplots (Figure 4) . Specifically, data points were highly clustered for /izinizi/ and /uzunuzu/; participants with a history of cleft palate, marked as 1, were crowded in the upper right quadrant (longer nasalization durations and greater nasalance scores), remaining distinct from those without a history of cleft palate, marked as 0. Except for a few outliers, minimal overlap between the 2 groups was observed with the samples of /izinizi/ and /uzunuzu/. In fact, the only 3 outliers (participants 1 and 10 with /izinizi/ and participant 10 with /uzunuzu/) were samples from those participants who were categorized as having proper oral-nasal resonance balance. The minimal amount of overlap between the 2 clusters, in both the amplitude and temporal domains of nasalization, lends strong support for the use of high-vowel speech samples to determine whether or not the speaker has proper oral-nasal resonance balance.
Vowel-dependent nasalization amplitude characteristics have partly been evidenced by nasalance variation across vowels. Our data showed that the mean nasalance scores for the mid-VNV sequence increased in the order of /ana/ (35.6%), /unu/ (48.4%), and /ini/ (62.0%) among speakers with a history of cleft palate (n ¼ 14). This order of vowel contexts is similar to mean nasalance scores of sustained vowels produced by speakers with velopharyngeal dysfunction (n ¼ 19) as reported in the Lewis et al. study (2000) , in which mean nasalance increased in the order of /a/ (26.4%), /u/ (47.5%), and /i/ (66.8%). Compared to low vowels, greater nasalance scores have been reported for high vowels in individuals with and without velopharyngeal dysfunction, which was discussed in relation to intrinsic differences in oral and nasal acoustic intensity, as well as acoustic impedance differences between high and low vowels (Lewis et al., 2000; Lewis and Watterson, 2003) . In addition, speakers' active lingual adjustment (ie, raising the tongue body and thus increasing the acoustic impedance of the oral cavity) during the nasalized /i/ vowel was evidenced by kinematic data; no such lingual adjustment was observed during the nasalized /a/ vowel, however (Carignan et al., 2011) . Nasalance of the high-front vowel /i/ may be further augmented by increased transpalatal transmission of acoustic energy (Gildersleeve-Neumann and Dalston, 2001) , which better explains the mean nasalance difference between the 2 high vowels, /i/ and /u/. Data from the present study also showed that the mean nasalance for /izinizi/ was greater than that of /uzunuzu/ among speakers with and without a history of cleft palate.
Interpretation of mean nasalance is further challenged by vowel-dependent VP closure variations, which is particularly associated with the low vowels. Previous studies have shown that speakers may be more likely to have incomplete VP closure and reduced closure force during production of low vowels than that of high vowels (Moll, 1962; Matsuya et al., 1974; Moon et al., 1994; Kuehn and Moon, 1998) . Perhaps, production of low vowels with incomplete VP closure is permissible given that acoustic and perceptual impacts of the oral-nasal The proportional by-chance accuracy rate was 52%. Any model with the classification accuracy rate 25% greater than the proportional by-chance accuracy rate (52%) was considered to meet the model accuracy criteria (Hair et al., 1987) : 52% Â 1.25 ¼ 65%.
coupling are mitigated by increased oral acoustic intensity with minimal acoustic impedance. Thus, mean nasalance of a speech task with the low-vowel context may present limited predictability of the actual VP status. Findings from the Bunton and Story (2012) study provide evidence for the limited value of the low-vowel context in assessing velopharyngeal function; the low vowel production showed the least variation in nasalance and perceptual nasality rating as a function of nasal port area. Previous research has resulted in conflicting findings in regard to the temporal characteristics of acoustic nasalization across different vowels (Ha et al., 2004; Bae et al., 2007; Ha and Kuehn, 2011) . Although based on a small sample size, data from the present study indicated that nasalization duration for /azanaza/ (mean: 1.053 seconds) was comparable to or longer than that for /izinizi/ (mean: 1.067 seconds) or /uzunuzu/ (mean: 0.587 seconds) among the speakers without a history of cleft palate. Considerably similar mean durations were reported by Bae et al. (2007) based on the nasalance contour, in which the nasalization durations for /azanaza/, /izinizi/, and /uzunuzu/ were 1.042, 0.912, and 0.628 seconds, respectively. Lengthened nasalization durations in the low-vowel context have been explained in relation to a mechanical connection between the velum and the tongue (ie, palatoglossus); the lower the tongue position, the further the velum gets pulled downward (Bell-Berti, 1993) . Greater velar excursion required for a nasal consonant production in the low-vowel context (Engelke et al., 1996) may, in turn, lengthen the durational aspect of nasalization. Another explanation has been posed that lengthened nasalization durations in the low-vowel context may be viewed as a maneuver used by normal speakers with proper VP function to produce a sufficient nasal percept while offsetting the intrinsically low nasalization amplitude (Bae et al., 2007) . Among the participants with a history of cleft palate, however, a reverse temporal pattern was observed. Consistent with previous acoustic studies (Ha et al., 2004; Ha and Kuehn, 2011) , lengthening of nasalization durations was associated with the high-vowel context. The low-vowel context was instead found to have great temporal variability of nasalization. Taken together, great temporal variability of nasalization in speakers with oral-nasal resonance imbalance may be tolerable in the low-vowel context, particularly given the limited acoustic and perceptual effects of nasalization (ie, a lesser degree of nasalization amplitude). Conversely, the high-vowel context would likely require the temporal domain to be strictly controlled, as small temporal deviations would result in abrupt changes in nasalization amplitude. By the same token, if a speaker presents oral-nasal resonance imbalance, it would likely be identified first within the high-vowel context, where distinct nasalization amplitude and timing characteristics occur.
The second purpose of the study was to determine the extent to which each domain of nasalization (amplitude and temporal) independently predicts the speaker's perceived oral-nasal balance. Results from the goodness-of-fit tests indicated that overall model fit was significantly improved by adding the amplitude-domain measure of nasalization as a predictor to the null model in all 3 speech samples. The models with the amplitude-domain measure as a single predictor correctly predicted 85% of responses in regard to the speakers' perceived oral-nasal balance, on average. This result is consistent with the previous accelerometric study (Jones, 2000) , in which a significant and consistent contribution of the amplitude domain of nasalization was reported in relation to differentiating 2 groups with and without VPI across speech tasks with varying complexity. The present study provides additional acoustic evidence that the amplitude domain of nasalization, represented by the mean nasalance scores of the mid-VNV sequences, is a reliable predictor of the speaker's perceived oral-nasal balance. Better model fit and higher classification accuracy rates observed in the high-vowel context compared to the lowvowel context further suggest that the oral-nasal resonance balance or imbalance (ie, binary status) would be better predicted by the use of speech samples with high vowels.
Similar to the results from the amplitude-domain of nasalization, results showed that an increase in the temporal-domain measure is associated with an increased likelihood of the speaker's oral-nasal resonance imbalance; however, this strong likelihood primarily applies to the high-vowel contexts only. The models with the temporal-domain measure as a single predictor correctly predicted 94.4% of responses of the speech sample /izinizi/ and 83.3% of responses of the speech sample /uzunuzu/. With the sample /azanaza/, on the other hand, poor specificity (28.6%) was noteworthy, indicating that speakers with proper oral-nasal resonance balance were incorrectly identified as having oral-nasal resonance imbalance (ie, false positive). Nonetheless, given the dispersed data distribution observed in the low-vowel context only, the temporal-domain measure was further probed in the present study. Recall that Jones (2000 Jones ( , 2006 noted that the temporal domain of nasalization may exert greater influence on the speaker's perceived oral-nasal balance when the speaker's amplitude-domain of nasalization deviates from the normal range, particularly during complex speech tasks. In addition, the practical importance of nasalization duration may be found in the Ha and Kuehn study (2011) , which reported a strong positive linear association between the temporal-domain measure and the perceptual rating of hypernasality, particularly in the lowvowel context. Taken together, it is reasonable to hypothesize that nasalization durations of the low-vowel context may present information pertaining to the severity level of perceived nasality, especially among speakers who present nasalization amplitude that is deviated from the normal range.
Results from a secondary analysis showed that the statistically significant and strongest rank association (r s ¼ .897, p < .01) was observed between nasalance of the Zoo passage reading and nasalization duration of the sample /azanaza/, among speakers who presented with nasalization amplitude that was greater than the mean of the group without cleft palate. This finding lends preliminary but strong support for the potential usefulness of the temporal measure of nasalization in the low-vowel context in differentiating resonance properties, particularly related to the severity level, among speakers with oral-nasal resonance imbalance.
As Kummer (2008) noted, there seems to be an arbitrary zone between what is considered normal and what is considered abnormal along the continuum of nasalance and resonance. Some speakers in the present study seemed to fall in this arbitrary zone; for example, participants 2 and 11 in Table  1 exhibited relatively low Zoo passage nasalance scores, at 17% and 18%, respectively. Both participants were perceptually judged as having hypernasality, which was accurately predicted by the amplitude-and temporal-domain measures of nasalization. An opposite case was observed in participant 3, who had Zoo passage nasalance of 10%, and was perceptually judged as having normal resonance. This participant's oral-nasal balance, however, was inaccurately predicted by the amplitude-and temporal-domain measures of nasalization in the high-vowel contexts. These cases exemplify the importance of a comprehensive examination when assessing a speaker's oral-nasal resonance characteristics. Particularly for future clinical use, the quantitative measures of nasalization used in the present study should always be compared to and interpreted in relation to perceived nasality.
Likewise, there is no absolute cutoff value that unequivocally separates nasalized segments from oral segments along the nasalance continuum. That is, despite the presence of a distinct oral segment, represented as sustained, low-level nasalance in a given sample, interpretations of the seemingly "oral segment" in relation to the underlying VP status are limited and cannot be conclusive unless confirmed by imaging or aerodynamic data. This pertains to inherent limitations of acoustic data. Although beyond the scope of this study, mean nasalance scores for the identified oral segments were computed: /i/: 14.68% (SD ¼ 5.39), /a/: 11.24% (SD ¼ 4.14), and /u/: 6% (SD ¼ 3.70). These scores remained fairly low and were consistent with normal nasalance ranges of sustained vowels reported by previous studies (Lewis et al., 2000; Gildersleeve-Neumann and Dalston, 2001) . Similarly, although underlying velopharyngeal timing patterns may be inferred from acoustic nasalization timing patterns to some extent (Hustad and Weismer, 2006) , future research is warranted to examine direct physiologic causes of lengthened nasalization duration and associated perceptual consequences in individuals with velopharyngeal dysfunction. Another limitation of the study is related to the type of speech samples; production of nonsense syllable sequences is not as complex as production of sentences. It is possible that nasalization durations would likely contribute more to the speakers' perceived oral-nasal balance in a complex speech task than in a simple speech task (Jones, 2000) . Future studies may explore whether or not vowel context-dependent nasalization duration patterns and their perceptual contributions would continue while speakers are involved in complex speech tasks.
Another study limitation is the lack of loudness control across speakers. Vocal loudness is considered a factor that may also influence nasalance (Watterson et al., 1994; Jennings and Kuehn, 2008; Van Lierde et al., 2011) . Jennings and Kuehn (2008) reported about 2.8% nasalance difference between 2 levels of dynamic loudness of mf (mezzo forte) and p (piano).
The inverse relationship between vocal intensity and nasalance was also evidenced in healthy speakers (Watterson et al., 1994; Van Lierde et al., 2011) . In contrast, the minimal effect of vocal loudness on nasalance was reported in children with cleft palate and varying degrees of hypernasality (Van Lierde et al., 2011) . Despite the inconclusive acoustic findings, aerodynamic studies (McHenry, 1997; Cummings et al., 2015) suggest that increased loudness facilitates velopharyngeal closure overall in terms of reducing velopharyngeal orifice size in some patients with velopharyngeal dysfunction. Cummings et al. (2015) further showed that increased vocal loudness decreased nasal airflow durations, suggesting that temporal gestures of velopharyngeal opening and closing may be altered by vocal loudness. It is reasonable to hypothesize that vocal loudness changes may also affect the temporal domain of acoustic nasalization, which still needs to be investigated.
Clinical Implications
The present study provided practical guidelines for using the Nasometer in assessing patients with oral-nasal resonance imbalance. With the use of relatively simple speech tasks and measurements characterizing both the amplitude and temporal domains of nasalization, speakers' perceived oral-nasal balance was reliably predicted. Information from both domains was found to be useful, especially in the high-vowel context, in discerning normal versus disordered resonance characteristics. This provides additional evidence for the current clinical use of the Nasometer, which is primarily focused on amplitudedomain information (ie, mean nasalance). Results from the study further suggest that temporal-domain information may be equally useful in detecting the presence of oral-nasal resonance imbalance. Along with identification of the clinical problem, provision of adequate descriptions of the speaker's current resonance properties is a crucial component of clinical evaluation. The latter often serves as baseline data to which any treatment-induced progress can be compared. To that end, the temporal-domain measure in the low-vowel context may be useful in differentiating resonance properties, particularly associated with severity, among speakers with oral-nasal resonance imbalance. It is predicted that within-patient changes or progress would be better monitored using the temporal-domain measure in the low-vowel context rather than the amplitudedomain measure. In conclusion, it is important to examine both amplitude-and temporal-domain characteristics of nasalization across different vowel contexts, given that each domain may provide different types of clinically relevant information.
Conclusion
In summary, the present study demonstrated the use of the Nasometer in examining the amplitude-timing characteristics of acoustic nasalization in speakers with a wide range of nasality. Strong linear and vowel-dependent relationships were found between the 2 domains of nasalization. Results indicated that both the amplitude-and temporal-domain measures of nasalization can reliably predict the presence of oral-nasal resonance imbalance, especially in the high-vowel context. Preliminary findings further suggest that the temporal-domain measure of nasalization in the low-vowel context may provide useful information pertaining to varying degrees of severity of perceived nasality, especially among speakers with oral-nasal resonance imbalance.
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